The growth of Te nanotubes by the direct vapor phase process is dominated by the vapor-solid mechanism, where the intrinsic anisotropic crystal structure of tellurium and axial dislocations contained in the Te nanostructures should play crucial roles. During the growth process, Te nanoparticles will nucleate on the growth substrate in the initial stage, and then grow into nanoflakes and two-faced nanoscreens lying horizontally on the substrate until they fully cover the substrate. Some of the nanoscreens with certain horizontal angles with respect to the substrate surface will protrude out of the growth substrate and become preferential absorption sites for the incoming Te atoms. The two-faced nanoscreens then gradually develop into three-faced nanoscreens, four-faced nanogrooves, and finally perfect hexagonal nanotubes due to the lateral diffusion of Te atoms. Upon exposure to CO and NO 2 at room temperature, Te nanotube sensors showed the same direction of resistance change, adequate sensitivities, and fast response and recovery times, making them promising candidates for use in air-quality single sensors.
Introduction
Tellurium (Te), which is a p-type elemental semiconductor with a direct bandgap energy of 0.35 eV, exhibits several interesting physical and chemical properties and is considered for use in various technological applications, such as optical recording media [1] , photoconductors [2] , thermoelectric and piezo-electric devices [3, 4] , and gas sensors [5] [6] [7] [8] . For gas sensing applications, Te thin films can detect various toxic gases, such as nitrogen dioxide (NO 2 ) [5] , carbon oxide (CO) [6] , propylamine [6] , ammonia (NH 3 ) [7] , and hydrogen sulfide (H 2 S) [8] , at room temperature. CO and NO 2 are two major harmful pollutants emitted by gasolineand diesel-fueled engines. As traffic gets more congested on highways and urban roads, there is a strong demand to develop a suitable air-quality sensor (AQS) to reduce the amount of pollution entering the vehicle cabin. Normally, the AQS is a dual sensor composed of two sensing elements. One is for detecting reducing gases and the other is for detecting oxidizing gases [9] . SnO 2 doped with specific oxides can be used for this purpose. For example, SnO 2 was doped with Fe 2 O 3 to increase the sensitivity and selectivity to NO 2 gas, while it was doped with V 2 O 5 to sensitize it to CO gas [10] . The resistance of the dual sensor will decrease in the presence of reducing gases, and increase when detecting oxidizing gases. To simplify the structure, fabrication, and sensing algorithms of the AQS and effectively lower its cost, the use of a single sensing element to detect the pollutants of interest is necessary. Generally, the CO and NO 2 emitted from gasoline and diesel engines are immediately diluted by mixing with ambient air. The concentration ranges of detected CO and NO 2 are 10-100 ppm and 0.5-5 ppm, respectively [10] . For the AQS single sensor to work properly in the real environment, the sensing material should undergo the same direction of resistance change upon exposure to both CO and NO 2 . Moreover, high sensitivities, quick responses, and high selectivities to these gases at room temperature are also needed. Tsiulyanu et al have reported that Te thin films exhibit a high sensitivity to both NO 2 and CO at room temperature, with the resistance of Te films decreasing reversibly in the presence of both NO 2 and CO [5, 6] . Apparently, Te is a promising sensing material for use in AQS single sensors.
One-dimensional (1D) nanostructures, especially nanotubes, are ideal candidates for gas sensing due to their high surface-to-volume ratio and less agglomerated configuration-features which are advantageous to yield a high sensitivity and quick response [11] . Accordingly, Te nanotubes are expected to exhibit a better gas sensing performance than their film counterparts. Because of its inherent anisotropic crystal structure, Te is amenable to the growth of 1D nanostructures [12] . 1D Te nanotubes have been synthesized through various routes, such as the refluxing polyol process [13] , solvothermal or hydrothermal methods [14] [15] [16] [17] , and vapor phase techniques [18] [19] [20] [21] , and possible growth mechanisms have been proposed. The growth mechanisms of Te nanotubes strongly depend on the experimental conditions. For the solution-based chemical routes, Mayers and Xia synthesized Te nanotubes by a refluxing polyol process and believed that Te nanotubes are formed through concentration depletion at the surface of solid seeds [13] . Mo et al presented a controlled hydrothermal route to synthesize Te nanotubes and proposed a helical belt template mechanism for the formation of Te nanotubes [15] . Xi et al surveyed the growth process of Te nanotubes synthesized by a hydrothermal reduction method and proposed a new nucleation-dissolution-recrystallization growth mechanism [16] . For the physical vapor phase approaches, limited mechanisms were proposed for the growth of Te nanotubes. Mohanty et al suggested that the formation of Te nanotubes synthesized by vaporizing Te metal is similar to the mechanism proposed by Mayer and Xia [18] . Sen et al believed that the growth of Te nanotubes prepared by thermal evaporation of Te powder is similar to the nucleation-dissolution-recrystallization mechanism [19] . It should be noted that the above two growth mechanisms were deduced based upon the morphologies of the resultant products, and no direct evidence such as the morphological and/or structural evolution during the growth process was provided, leaving the proposed growth mechanisms of Te nanotubes by vapor phase approaches in doubt. Therefore, it is meaningful to investigate the growth process of Te nanotubes at different growth stages to disclose the exact growth mechanism.
In this paper, we synthesized Te nanotubes by a direct vapor phase process without using any catalyst. The effect of zone temperatures on the morphology of the resultant product was investigated. To clarify the growth mechanism of Te nanotubes, we also systematically monitored the morphological and structural changes of the resultant samples at different growth stages. The gas sensing properties of the Te nanotube sensors to both CO and NO 2 gases were measured to evaluate their feasibility for use in the AQS single sensor. The possible gas sensing mechanisms for detecting CO and NO 2 are also discussed.
Experimental section
Te nanotubes were synthesized by a catalyst-free, direct vapor phase process in a horizontal tube furnace with three heating zones. The tube furnace has a total heated length of 60 cm and each of the three heating zones, named zones 1, 2 and 3, from the upstream to the downstream, has a length of 20 cm. 1 g of Te powder (purity 99.99%) was loaded into an alumina boat and placed at the center of a quartz tube (zone 2) inside the tube furnace. Si(111) substrates were placed at the left edge of zone 3, which was located about 30 cm downstream from the Te powder source. Before heating, the quartz tube was evacuated to 10 −2 Torr by a vacuum pump, and then filled with argon. The quartz tube was then heated to the targeted zone temperatures at a heating rate of 20
and kept at these temperatures for 40 min under an argon flow rate of 100 sccm. During growth, the pressure inside the tube remained at ∼1 Torr. To study the effects of zone temperatures on the morphologies of the resultant products, the zone 2 (where the source powders were placed) temperatures were controlled at 460, 560, and 660 • C, while the zone 3 (where the substrates were sited) temperatures were controlled at 260, 460, and 560 • C. The zone 1 temperatures were always kept the same as the zone 2 temperatures. In order to elucidate the growth mechanism of Te nanotubes, the synthesis process at different growth stages was terminated to examine the evolution of morphologies and microstructures of the resultant products. The morphologies and crystalline structures of the as-synthesized products were characterized by field-emission scanning electron microscope (FE-SEM), x-ray diffraction (XRD) using Cu Kα (λ = 0.154 05 nm) radiation, and high-resolution transmission electron microscope (HRTEM, JEOL TEM-3010). For the fabrication of gas sensors, Te nanotubes were collected and dispersed in methanol with the assistance of ultrasonic waves. Then, the suspension was dispensed onto an alumina substrate on which a silver conductive paste was screen-printed to form interdigitated electrodes. The gap between two silver paste fingers is 0.12 mm. An optical microscope (OM) image of the patterns of the interdigitated silver paste electrodes on an alumina substrate and an SEM image of the contacted nanotubes are shown in figures S1(a) and (b) (available at stacks.iop. org/Nano/24/215603/mmedia) respectively. To improve the contact properties between the silver paste electrodes and the Te nanotubes, the as-fabricated gas sensors were further annealed in an ambient atmosphere at 180 • C for 16 h. The gas sensing experiments were performed in a tubular furnace by introducing dry synthetic air mixed with the desired concentration of CO or NO 2 through the quartz tube kept at Figure 1 . FE-SEM images of the as-grown products prepared at zone 2 temperatures of (a) 460
• C, (b) 560
• C, and (c) 660
• C, with a zone 3 temperature of 460
• C and a gas flow rate of 100 sccm, for 40 min. Figure 2 . FE-SEM images of the as-grown products prepared at zone 3 temperatures of (a) 260
• C, and (c) 560
• C, with a zone 2 temperature of 560
• C and gas flow rate of 100 sccm, for 40 min.
room temperature. The electrical responses of the Te nanotube gas sensors were measured by a volt-amperometric method at a constant bias of 5 V, and a multimeter (Keithley 2410) was used to monitor the change of electrical resistance via an automatic analysis system controlled by a personal computer.
To reveal the gas sensing mechanism, Raman spectra of Te nanotubes before and after annealing at 180 • C for 16 h and immediately after exposure to CO and NO 2 were recorded using a confocal Raman microscope (HORIBA HR800) equipped with a 632.8 nm He-Ne laser as the excitation source. A 100× objective was used to focus the laser beam and collect the Raman signal.
Results and discussion
Figures 1(a)-(c) show FE-SEM images of the as-grown products prepared at zone 2 temperatures of 460, 560, and 660 • C and a zone 3 temperature of 460 • C. When the zone 2 temperature was set to 460 • C, the as-grown products consisted of a large number of screen-like nanostructures (nanoscreens) mixed with a small amount of tubular nanostructures (nanotubes). The nanoscreens have widths of ∼2 µm, thicknesses of 20-30 nm, and lengths of several µm. Some residual Te powder was found in the alumina boat, indicating that the Te metal powder was not fully vaporized. As the zone 2 temperature was increased to 560 • C, no residual Te powder was left in the alumina boat, and the resultant products were mostly composed of nanotubes with thicknesses of 80-100 nm and lengths of several tens of µm. As the zone 2 temperature was further increased to 660 • C, prismatic micropillars with widths of 2-6 µm and lengths of several tens of µm were obtained. It appears that the morphologies of the resultant products transformed from nanoscreens to hollow nanotubes and finally to solid micropillars as the zone 2 temperature was increased.
Figures 2(a)-(c) show FE-SEM images of the as-grown products prepared at zone 3 temperatures of 260, 460 and 560 • C and a zone 2 temperature of 560 • C. It can be seen that nanoscreens mixed with a small amount of nanotubes, nearly 100% nanotubes, and granular microparticles were grown on the substrates when the zone 3 temperatures were set to 260, 460, and 560 • C, respectively. Interestingly, the effect of the zone 3 temperature on the morphologies of the resultant products is similar to that of the zone 2 temperature. For the growth of nanostructures from the vapor phase, the control of supersaturation is a prime consideration because the degree of supersaturation of the source vapor determines the dominant growth morphology [22] . One can easily obtain 1D nanostructures by controlling the supersaturation at a relatively low level, while bulk crystal and powders will be formed at medium and high levels of supersaturation, respectively. Accordingly, the effect of zone temperature on the morphologies of the resultant products should be closely related to the variation of the degree of supersaturation of the vapor source. In the present work, the supersaturation ratio (α) of Te is defined as the ratio of the actual pressure of Te vapor (P) in the vicinity of the growth substrate to the vapor pressure of solid Te at the substrate (P 0 ), which are respectively related to the carrier gas temperature above the growth substrate and the actual substrate temperature. Johnson et al have shown that the carrier gas temperature in a tubular furnace is a function of axial position, gas flow rate, reactor pressure, and furnace temperature [23] . They also reported that the carrier gas can be heated to the furnace temperature at the central region of the heating zone when the gas flow rate is below 500 sccm, but a significant temperature variation as a function of axial position will occur at the edge of the heating zone [23] . Besides, due to the laminar flow of carrier gas, the maximum fluid velocity will be located in the center of the tube, with a parabolic decrease to zero at the inner wall of the tube. As a result, a temperature variation in the radial direction also occurs. Since the growth substrate in this work is placed at the left edge of zone 3, perceptible temperature drops are expected in both the axial and radial directions. To estimate the supersaturation ratio of Te vapor, we have to acquire the carrier gas temperature in the vicinity of the growth substrate and the actual temperature on the growth substrate. When the zone 3 temperature was kept at 460 • C, the actual substrate temperature was measured to be ∼110 • C and was almost unaffected by the zone 2 temperature. Meanwhile, the average carrier gas temperatures at the central position right above the growth substrate were measured to be 210, 216, and 222 • C, respectively, when the zone 2 temperatures were set to 460, 560, and 660 • C. It has been reported that the saturated vapor pressure of Te (P Te ) as a function of absolute temperature (T) can be expressed as: Log (P Te ) = 7.6 − (5960.2/T) [24] . The supersaturation ratios of Te are estimated to be 1670, 2362, and 3320, respectively, when the zone 2 temperatures are set to 460, 560, and 660 • C, while the zone 3 temperature is kept at 460 • C. These estimated supersaturation ratios are fairly close to the calculated α based on the reported data by Furuta et al for the growth of Te whiskers [25] . When the zone 2 temperature is increased, more Te vapor atoms will be generated and transferred to the substrate, leading to a higher supersaturation on the growth substrate surface. That can explain the transformation of the resultant products from nanoscreens to hollow nanotubes, and then to solid micropillars as the zone 2 temperatures were increased from 460 to 560, and then to 660 • C. It is expected that a bulk crystal Te film will be grown once the zone 2 temperature is increased above a certain level at which the corresponding supersaturation of Te vapor has exceeded the critical value for the growth of the 1D nanostructure. Similarly, when the zone 3 temperatures were set to 260, 460, and 560 • C and the zone 2 temperature was kept at 560 • C, the actual substrate temperatures were measured to be 90, 110, and 130 • C, and the average carrier gas temperatures above the growth substrate were about 168, 216, and 266 • C, resulting in supersaturation ratios of 802, 2362, and 5931, respectively. At a zone 3 temperature of 560 • C, the supersaturation ratio of Te vapor exceeds the critical value for the growth of 1D nanostructures, thus granular microparticles were obtained. As the zone 3 temperature was reduced to 460 • C, the corresponding supersaturation ratio of Te vapor became lower than the critical value, thus Te nanotubes were grown. When the zone 3 temperature was further decreased to 260 • C, the relatively low supersaturation of Te vapor can still lead to the formation of 1D nanostructures, however, the supply of Te vapor atoms is too slow to form hollow nanotubes so only nanoscreens can be formed on the substrate. (0003) and (1011) crystal planes, respectively, and confirming the growth direction of Te nanoscreens to be along the c-axis.
To elucidate the growth mechanism of Te nanotubes, the synthesis process at different growth stages was terminated to examine the evolution of the morphology and microstructure of the resultant products. Here, zone 2 and zone 3 were heated to 560 and 460 • C, respectively, at a heating rate of 20 • C min −1 , and then held at these targeted temperatures for different times. Figures 5(a)-(i) show the FE-SEM images of the resultant products obtained at different growth stages. No discernible nanostructures were observed until the heating time reached 14 min (zone 2 and zone 3 temperatures of 280 • C). Nanoparticles and nanoflakes were found to be sparsely formed on the substrate ( figure 5(a) ). It can be clearly seen that Te nanoflakes were grown from the nanoparticles and rested horizontally on the growth substrate. When the heating time was increased to 16 min, the numbers and sizes of nanoflakes increased, and some nanoflakes had begun to develop into two-faced nanoscreens ( figure 5(b) ). When the heating time was further increased, most of the nanoflakes developed into two-faced nanoscreens (see figure   S2 (a) available at stacks.iop.org/Nano/24/215603/mmedia). It was also found that the surfaces of the two-faced nanoscreens contained plentiful nanoparticles, implying that the incoming Te atoms could be absorbed onto all the surfaces of the pre-existing nanoscreens to form small islands and then simultaneously migrate towards the growing tips and lateral edges. After heating for 18 min, the growth substrate surface was fully covered by two-faced nanoscreens, with some of the nanoscreens protruding from the growth substrate surface ( figure 5(c) ). Since the protuberances on the growth substrate surface became preferential absorption sites for the incoming Te atoms, two-faced nanoscreens would subsequently grow out of the substrate surface and gradually develop into three-faced nanoscreens due to the lateral diffusion of Te atoms (see figure S2(b) available at stacks.iop.org/Nano/ 24/215603/mmedia). As the heating time was increased to 20 min, most of the two-faced nanoscreens had developed into three-faced nanoscreens ( figure 5(d) ). At a heating time of 24 min, abundant three-faced nanoscreens had grown out of the substrate ( figure 5(e) ). After heating for 25 min, some of the three-faced nanoscreens further developed into four-faced groove-like nanostructures (nanogrooves) ( figure 5(f) ). Meanwhile, the surfaces of the nanoscreens and nanogrooves had become smoother, which can be attributed to the extensive surface diffusion of Te atoms and the Ostwald ripening effect. When zone 2 was heated to 560 • C and held for 2 min, in addition to the continuous growth of nanoscreens and nanogrooves, a small quantity of intermediary hexagonal nanotubes, having unclosed segments at the ends, developed from the four-faced nanogrooves (figure 5(g)). As the holding time was further increased, the intermediary nanotubes developed into relatively complete hexagonal nanotubes (figure 5(h)) and eventually turned into perfect nanotubes ( figure 5(i) ). It should be noted that the wall thicknesses of the hexagonal nanotubes increased with increased holding time, and solid nanopillars were formed after holding for a sufficiently long period of time (see figure S2(c) available at stacks.iop.org/Nano/24/215603/mmedia).
Based on the experimental observations, it appears that the formation of Te nanotubes by a vapor phase process is neither through concentration depletion at the surface of solid seeds formed in the nucleation step nor through a nucleation-dissolution-recrystallization mechanism. Instead, Te nanotubes gradually evolved from several temporary nanostructures, including nanoparticles, nanoflakes, two-faced and three-faced nanoscreens, and four-faced nanogrooves. Since no other metal catalysts are used, the vapor-solid (VS) growth should be responsible for the growth of Te nanotubes in the present work. For the VS growth, anisotropic growth, defect-induced growth (e.g. through a screw dislocation), and self-catalytic growth are three plausible mechanisms. As the actual substrate temperature (∼110 • C) is far below the melting temperature of Te (450 • C), self-catalytic growth can be ruled out. Screw dislocations, which generate atomic steps to help atoms to deposit continuously, are known to be able to enhance the 1D crystal growth of metals and some oxide materials. The growth mechanism of whisker crystals from the vapor phase with the aid of an axial dislocation was proposed by Sears [26] . Furuta et al also concluded that mixed dislocations, whose Burgers vector consists of the screw component c[0001] and the edge component a [1120] , are contained in most of the spine-like Te whiskers and some of the filament-like Te whiskers [27] . It is reasonable to consider that the anisotropic characteristics of Te and/or axial dislocations contained in the Te nanostructures should play crucial roles for the growth of Te nanotubes. When the Te powders are heated to a sufficiently high temperature, Te vapor atoms with an appreciable concentration will be transported to and deposited on the growth substrate to form Te nanoparticles in the early stage. Since the surface free energy of the {1010} planes is much lower than the corresponding values for the other prismatic surfaces, the incorporation of Te atoms to the nanoparticles leads to the formation of (1010) Te nanoflakes growing along the [0001] direction due to the anisotropic character of Te and/or with the aid of the axial dislocation. As the heating time is increased, the continuous feeding of Te atoms to the surfaces of the nanoflakes results in axial and lateral growths. Because of the intrinsic anisotropic crystal structure of Te, the growth rate of the former is expected to be faster than that of the latter. Combining the difference of the growth rates in the axial and lateral directions with the large difference in surface free energies of the prismatic planes, two-faced and three-faced nanoscreens and four-faced nanogrooves consisting of {1010} planes will be progressively developed. With the continuing supply of Te vapor atoms, the nanogrooves will develop into incomplete nanotubes with unclosed segments at the ends, and eventually develop into complete hexagonal nanotubes enclosed by {1010} planes. If the Te atoms are continuously provided by the source material and incorporated into the Te nanotubes, the wall thicknesses of the Te nanotubes will increase due to the lateral growth, and ultimately, solid Te nanopillars will be formed. Figure 6 schematically illustrates the VS growth mechanism of Te nanotubes synthesized by the direct vapor phase process.
Figures 7(a) and (b) show the dynamic gas responses of Te nanotubes to CO and NO 2 , respectively, at room temperature. It can be seen that the resistance of the gas sensors based on Te nanotubes decreases upon exposure to both CO and NO 2 , indicating that Te nanotubes are a suitable gas sensing material for use in the AQS single sensor. The resistance returned to its original value when the test gases were turned off, providing that the absorption processes for CO and NO 2 are reversible. Here, the sensitivity is defined as R a /R g , where R a is the resistance in air and R g is the resistance in the presence of CO or NO 2 . The response and recovery times were estimated at the level of 0.9 from the steady state value of the resistance change. Upon exposure to CO with concentrations of 200, 120 and 30 ppm, the sensitivities of Te nanotubes were measured to be 1.13, 1.12, and 1.09, the response times were 5.5, 6.5, and 11 min, and the recovery times were 5.5, 4.8 and 3.8 min, respectively. When Te nanotubes were exposed to NO 2 gases with concentrations of 15, 7.5 and 3 ppm, the sensitivities were measured to be 1.11 to 1.10 and 1.09, the response times were 3, 4.5, and 6.5 min, and the recovery times were 13, 16, and 13.5 min, respectively. Tsiulyanu et al reported that the sensitivity of Te films to 250 ppm CO at room temperature was about 1.03 and the response and recovery times were about 40 min [6] . They also reported that upon exposure to NO 2 at room temperature, the relative resistance change ((R a -R g )/R a ) of Te thin films increased with increasing NO 2 concentration and reached a saturated value of ∼45% when the NO 2 gas concentration was higher than 0.75 ppm [5] . The relative resistance change of ∼45% corresponds to a sensitivity (R a /R g ) of ∼1.8. The response and recovery times of Te thin films to 0.75 ppm NO 2 were about 2-3 min and 30-40 min, respectively. Compared with the film counterparts, Te nanotubes exhibit a much higher sensitivity and faster response and recovery times to CO gas; however, they have a lower sensitivity and a slightly slower response time to NO 2 . Nevertheless, Te nanotubes still demonstrate the necessary capabilities for use in the AQS single sensor, namely, the same direction of resistance change, appreciable sensitivities, and quick responses upon exposure to both CO and NO 2 at room temperature. It should be noted that the Te nanotube sensor shows a slight decrease in the sensitivity when the CO and NO 2 gas concentrations were decreased. Generally, the sensor response will increase with increasing gas concentration, attaining a saturation value at higher concentrations. The relationship between sensor sensitivity and gas concentration follows a power law (S = (1 + K[C]) β ), where S is the sensitivity, C is the gas concentration, and β and K are constants. The sensor response switches from zero order to first order when [C] = K −1 , which is called the sensitivity threshold [28] . Khoang et al reported that for detecting ethanol, the sensitivity threshold could reduce to 5 ppm for SnO 2 /ZnO hierarchical nanostructures compared with that of 100 ppm for bare SnO 2 NWs, indicating that a higher surface-to-volume ratio will lead to a lower sensitivity threshold [29] . In this work, hollow Te nanotubes can provide a much higher surface-to-volume ratio so that a lower sensitivity threshold can be expected. As the minimum concentration of CO (or NO 2 ) might have been far below the sensitivity threshold of the Te nanotube gas sensor, only a minimal change in gas response can be detected when Te nanotube gas sensors were exposed to various concentrations of CO (or NO 2 ) gas.
The gas sensing mechanisms of pure Te films and nanostructures for various reducing (H 2 S and NH 3 ) [7, 8] and oxidizing (NO, NO 2 , and Cl 2 ) [20, 21, 30, 31] gases have been studied in earlier works. Te is known to be a p-type lone-pair (LP) semiconductor, in which the unshared or lone-pair electrons form an LP band near the original p-state energy, and the bonding (σ ) and antibonding (σ * ) bands are split symmetrically with respect to this energy [32] . Because both the σ and LP bands are occupied, the bonding band is no longer the valence band; this role is played by the LP band. When a dangling bond is formed in this semiconductor, an occupied state is pulled from the σ band and an unoccupied state from the σ * band. The occupied state from σ falls into the LP band and the unoccupied state from σ * forms an acceptor above the LP band. Thus, the dangling bond serves as an acceptor. The interaction between the weakly bound LP electrons and dangling bonds results in the release of holes and p-type conductivity. Given that the surface of a semiconductor normally contains the maximum concentration of dangling bonds, a hole-enriched region will be formed on the surface of each Te nanotube. In normal air at room temperature, the physisorbed oxygen molecules on the surfaces of Te nanotubes can either trap LP electrons to form O − 2 or react with Te atoms to form TeO 2 , which is also a p-type semiconductor material with a lone electron pair associated with each Te atom [33] . In the former case, the absorbed oxygen molecules act as acceptor sites, leading to an increase in hole density and, thereby, the conductivity. In the latter case, the formation of TeO 2 on the surface may reduce the conductivity of Te nanotubes since tellurium oxide is highly resistive as compared with Te [34] . For our Te nanotube gas sensors, a connective network is formed between the silver paste electrodes. There are many nanotube bridges between the two silver paste electrodes, forming numerous bridging point contacts of Te-Te nanotubes. Accordingly, the total resistance of the gas sensor is contributed from the contact resistance between the silver paste electrodes and the Te nanotubes, the resistance of Te nanotubes themselves, and the contact resistance between the bridging points. As there are many more Te nanotubes and bridging point contacts than there are electrode contacts, the resistance changes of the gas sensors are assumed to be mainly contributed from these two sources. It should be noted that the formation of tellurium oxide on the surface of a Te nanotube will increase both the resistance of the Te nanotube and the contact resistance between the bridging points. To directly study the formation of tellurium oxide during gas sensor fabrication and after interactions with CO and NO 2 , Raman spectroscopy studies were performed. Figure 8 shows the Raman spectra of Te nanotubes in the as-synthesized state and after annealing at 180 • C for 16 h as well as after exposure to CO and NO 2 . The annealing heat treatment at 180 • C for 16 h was conducted during the gas sensor fabrication process to improve the contact between the silver paste and the Te nanotubes. It can be seen that the as-synthesized Te nanotubes showed peaks at around 117 and 138 cm −1 , corresponding to pure Te [35] . After annealing, additional peaks at around 392, 680 and 806 cm −1 , corresponding to TeO 2 [33] , indicate that the surfaces of the Te nanotubes are oxidized before exposure to the test gases. The reduction of the peak intensities for TeO 2 after exposure to CO implies that parts of the pre-existing TeO 2 had converted back to Te. On the other hand, the further increase in peak intensities for TeO 2 after exposure to NO 2 indicates that thicker TeO 2 layers were formed on the surfaces of the Te nanotubes. Based upon the experimental results, we propose the possible gas sensing mechanisms of Te nanotube gas sensors to CO and NO 2 gases as follows. When the Te nanotube gas sensor is exposed to CO, CO can simultaneously react with the absorbed O − 2 ions on the surfaces and reduce TeO 2 to Te. The removal of absorbed oxygen (acceptors) will lead to a decrease in the majority carrier (hole) density and thus increase the resistance of a Te nanotube and the contact resistance of the bridging points. However, the reduction of tellurium oxide to tellurium metal will lead to a decrease in resistance. It appears that the effect of reduction of TeO 2 to Te is stronger than that of the removal of absorbed oxygen upon exposure to CO, resulting in a net decrease in resistance of the Te nanotube gas sensor. When the Te nanotube gas sensor is exposed to NO 2 , the absorbed NO 2 molecules on the surfaces cannot only enhance the oxidation of tellurium but also act as dangling bonds, since the NO 2 molecule has an odd electron after covalent bonding of the nitrogen to oxygen [21] . It should be noted that both Te and TeO 2 are p-type lone-pair semiconductors. The interactions of dangling bonds provided by NO 2 molecules with LP electrons in Te and TeO 2 lead to trapping of LP electrons and release additional holes in the upper parts of the valence bands of Te and TeO 2 . This causes an increase of the hole concentrations in the Te nanotubes and TeO 2 surface layers and thus reduces their resistance. Although the thickening of TeO 2 leads to an increase in the resistance of the Te nanotubes and bridging point contacts, the interaction of NO 2 molecules with LP electrons, playing a dominant role, will lead to a net decrease in the resistance of the Te nanotube gas sensor upon exposure to NO 2 at room temperature.
Conclusions
Increasing the zone 2 and zone 3 temperatures will increase the supersaturation ratio of Te vapor on the growth substrate surface, leading to the resultant morphologies changing from nanoscreens to nanotubes, to micropillars, and to granular microparticles. The experimental results showed that Te nanotubes gradually evolve from nanoparticles, to nanoflakes, to two-faced and three-faced nanoscreens, to four-faced nanogrooves, to intermediary nanotubes, and finally to perfect hexagonal nanotubes. The VS growth mechanism is responsible for the growth of Te nanotubes, where the intrinsic anisotropic characteristics of Te and/or axial dislocations contained in the Te nanostructures play crucial roles. Upon exposure to low-concentration CO and NO 2 at room temperature, the Te nanotube gas sensor exhibited the same direction of resistance change, appreciable sensitivities, and quick responses, demonstrating that they have excellent prospects for use in AQS single sensors. The formation of TeO 2 during gas sensor fabrication plays a vital role in explaining the decreasing resistance of p-type Te nanotube gas sensors when exposed to CO gas.
